Background: Both opioid antagonist administration and cigarette smoking acutely increase hypothalamic-pituitary-adrenal (HPA) axis activity as measured by adrenocorticotropic hormone (ACTH) and cortisol levels. However, male and female smokers may differ in their response to the opioid antagonist naltrexone, which may be partially mediated by sex differences in HPA axis function. Smokers, as a group, have frequently been shown to have HPA axis dysfunction, which may have relevance to the course and maintenance of nicotine dependence. The purpose of this study was to examine possible sex differences in HPA axis function by comparing stresshormone response to naltrexone within healthy male and female smokers. Additionally, exploratory analyses compared the combined effects of naltrexone and cigarette smoking on hormonal responsivity between the sexes. Method: Thirty-eight healthy smokers (22 men) were tested in two separate morning sessions after 12 h of smoking abstinence. For women, self-reports of menstrual cycle information were obtained prior to each session (date of last menstruation, cycle length, reproductive phase, etc.). Each participant received 50 mg naltrexone or placebo capsule (in random order) and plasma levels of ACTH and cortisol were assessed at regular intervals for several hours. A subgroup of 12 participants underwent a similar, additional session in which they smoked a single cigarette three hours after naltrexone administration. Results: Naltrexone significantly increased ACTH and cortisol levels in women, but not men (Drug Â Sex Â Time, p < 0.05). A post hoc analysis suggested that women at an estimated 'high estrogen' phase had a greater cortisol response (Drug Â Estrogen level, p < 0.05) than those at an estimated 'low estrogen' phase. Exploratory analyses showed that smoking a single cigarette potentiated naltrexone-induced increases in ACTH ( p < 0.05) and cortisol ( p < 0.01) in all participants.
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Introduction
Nicotine dependence is a chronic relapsing disorder that has been associated with hypothalamic-pituitary-adrenal (HPA) axis dysfunction. This HPA axis dysfunction may play a role in maintenance of addiction and susceptibility to relapse (al'Absi et al., 2004a (al'Absi et al., , 2005 Shaw and al'Absi, 2008) . Interestingly, one drug being evaluated for smoking cessation treatment is naltrexone (for review, see King et al., 2009 ), a primarily mu-opioid receptor antagonist that acutely disinhibits the HPA axis. Although currently the outcomes of smoking cessation studies with naltrexone are mixed (Wong et al., 1999; King et al., 2006; O'Malley et al., 2006) , some data suggest that women smokers (vs. men) may be more sensitive to naltrexone and show better clinical outcomes compared with placebo (Covey et al., 1999; King et al., 2006) . Men and women differ in HPA axis responsivity (Uhart et al., 2006; Kudielka et al., 2009) and, thus, also may differ in hormonal response to naltrexone. The purpose of this placebo-controlled, pre-clinical human laboratory study in smokers was to investigate whether the sexes differ in HPA hormone reactivity to naltrexone.
Nicotine dose-dependently activates the HPA axis (Winternitz and Quillen, 1977; Wilkins et al., 1982; Kirschbaum et al., 1992; Mendelson et al., 2005 Mendelson et al., , 2008 . In vitro and in vivo studies show that nicotine activates the HPA axis via nicotinic acetylcholine receptors (nAchRs) of norepinephrine (NE) neurons of the nucleus of the solitary tract, which project to and activate the paraventricular nucleus (PVN) of the hypothalamus (Hill and Wynder, 1974; Matta et al., 1998; Fu et al., 2001) . Hypothalamic activation and subsequent corticotropin-releasing hormone (CRH) secretion induces the release of adrenocorticotropin (ACTH) from the anterior lobe of the pituitary, which in turn stimulates cortisol secretion from the adrenal gland. Accordingly, in humans, cigarette smoking acutely increases norepinephrine (Hill and Wynder, 1974; Cryer et al., 1976; Narkiewicz et al., 1998) , cortisol (Wilkins et al., 1982; Pomerleau and Pomerleau, 1990; Meliska and Gilbert, 1991; Baron et al., 1995) , ACTH (Mendelson et al., 2005 (Mendelson et al., , 2008 , and b-endorphin/b-lipotrophin levels (Pomerleau et al., 1983) . Chronic nicotine exposure and/or nicotine withdrawal alters HPA axis function and stress-responsivity (for review, see Rohleder and Kirschbaum, 2006) . Smokers show attenuated cortisol response and prolonged subjective distress to biobehavioral stressors compared to nonsmokers (Perkins et al., 1992; Kirschbaum et al., 1993 Kirschbaum et al., , 1994 Tsuda et al., 1996; al'Absi et al., 2003 al'Absi et al., , 2008 Childs and de Wit, 2009 ). Furthermore, during early smoking abstinence, which may also be considered a stressor, low diurnal cortisol and/or dampened b-endorphin, ACTH, and cortisol responses to a psychosocial stressor are predictive of exaggerated withdrawal symptoms, negative affect, and early relapse (al'Absi et al., 2004a (al'Absi et al., , 2005 Shaw and al'Absi, 2008) .
Endogenous opioids maintain an inhibitory tone over the HPA axis (Kreek et al., 1972; Kreek, 1973 Kreek, , 1978 Cushman and Kreek, 1974; Johnson et al., 1992) . Specifically, b-endorphins act directly on m-opioid receptors in the hypothalamus to inhibit CRH release from the PVN (Johnson et al., 1992) and indirectly on neurons of the locus coeruleus to inhibit NE release (Valentino and Van Bockstaele, 2001) . Consistent with this mechanism, opioid antagonists, such as naloxone and naltrexone, remove this tonic HPA inhibition and acutely increase ACTH and cortisol levels (Volavka et al., 1979; Morley et al., 1980; Naber et al., 1981; Cohen et al., 1983; Kreek et al., 1984; Conaglen et al., 1985; Delitala et al., 1994; Martin del Campo et al., 1994; Schluger et al., 1998; Farren et al., 1999; King et al., 2002; al'Absi et al., 2004b al'Absi et al., , 2008 . There is both pre-clinical and clinical evidence that the endogenous opioid system may also play an important role in response to nicotine and development of dependence (for review, see King et al., 2009 ). In pre-clinical studies, nAchR antagonists block the analgesic effects of opiates (Schmidt et al., 2001 ) and, conversely, opioid receptor antagonists block the antinociceptive effects of nicotine (Aceto et al., 1993) . Morphine produces a leftward shift of the nicotine dose-response curve (Huston-Lyons et al., 1993) and there is cross-tolerance between morphine and nicotine (Zarrindast et al., 2003) . In both pre-clinical and clinical studies, opioids and nicotine produce similar withdrawal patterns (Hynes et al., 1976; Malin et al., 1993 Malin et al., , 1996a Krishnan-Sarin et al., 1999; Berrendero et al., 2002 Berrendero et al., , 2005 . Finally, the release of cortisol and ACTH after opioid antagonist administration is attenuated in cigarette smokers compared to nonsmokers (Krishnan-Sarin et al., 1999; al'Absi et al., 2008) . Despite pre-clinical and clinical evidence for the interaction between nicotine and opioids, currently it is unclear whether an opioid antagonist, such as naltrexone, along with standard smoking cessation treatment, may improve smoking quit rates (David et al., 2006) .
There is evidence that HPA axis function may differ in men and women. For example, men tend to exhibit greater HPA axis response to psychological stressors (Kirschbaum et al., 1992 (Kirschbaum et al., ,1995a (Kirschbaum et al., ,b, 1999 Kudielka et al., 1998; Uhart et al., 2006) , while women tend to exhibit greater HPA axis response to acute pharmacological challenges, such as naloxone and CRH (Gallucci et al., 1993; Heuser et al., 1994; Born et al., 1995; Kunzel et al., 2003; Uhart et al., 2006) . Sex differences in opioid-induced HPA response may be due to variations in central endogenous opioid function (Zubieta et al., 2002) . For example, compared with men, women exhibit higher mbinding affinity throughout the brain (Zubieta et al., 1999) . Further, women report greater antinociceptive effects and subjective response to drugs that act on m-and/or k-receptors, including naltrexone (Gear et al., 1996a (Gear et al., ,b, 1999 Sarton et al., 2000; Zacny, 2001; Gear et al., 2003; al'Absi et al., 2004b) ; for review, see Fillingim and Gear, 2004) . Moreover, preliminary studies suggest that female smokers may show Conclusion: The findings support the hypothesis that women are more sensitive to opioid antagonism at the level of the HPA axis. Although further studies are needed to examine mechanisms underlying these responses, both results may have clinical implications for the use of naltrexone as a treatment for nicotine dependence. Published by Elsevier Ltd. differential sensitivity to naltrexone compared with male smokers, suggested by greater levels of naltrexone-induced withdrawal symptoms and side effects as well as better clinical outcomes in smoking cessation trials (Covey et al., 1999; Epstein and King, 2004; King et al., 2006) . Taken together, these findings underscore the need for more research within smokers on mechanisms and potential sex differences in opioid-HPA responsivity.
The evidence described above suggests that there may be sex differences in response to naltrexone in male and female smokers. While acute administration of either nicotine or naltrexone can independently increase HPA axis activity, there is little information on their potential interactive effects. This issue has important translational ramifications to clinical outcomes, as approximately half of all smokers making a quit attempt smoke during the first week after the quit date (Hughes et al., 2004) . In terms of underlying mechanisms, it would be of interest to know whether an opioid antagonist such as naltrexone, which disinhibits the HPA axis, combined with exposure to a cigarette, which also activates HPA axis, produces either synergistic effects on HPA axis hormone levels, or if naltrexone's disinhibition of the HPA axis reaches threshold without further smoking-induced changes. Thus, the aims of the present study were (1) to compare the men and women smokers' HPA axis responsivity (plasma ACTH and cortisol) to an acute dose of naltrexone vs. placebo, and (2) to explore naltrexone's effects on HPA axis responsivity after acute cigarette smoking. Based upon previous findings (Klein et al., 2000; Epstein and King, 2004; King et al., 2006; Uhart et al., 2006) , we hypothesized that female smokers would exhibit greater HPA axis responsivity to naltrexone than male smokers. Additionally, based upon evidence that both nicotine and opioid antagonists activate the HPA axis, we predicted that a single cigarette would potentiate naltrexone-related increases in ACTH and cortisol, and such effects would be more pronounced in women.
Method

Participants
Participants were 38 adult cigarette smokers (22 men) aged 21-62, recruited through flyers and local Chicago area newspaper advertisements. Participants needed to smoke between 10 and 40 cigarettes daily for 2 or more years. This smoking cut-off range was implemented in order to maintain relative homogeneity within the sample by including regular smokers, but excluding more extreme users. After an initial phone screen, participants were invited for a screening session in the laboratory. The laboratory screening consisted of a general physical examination by a resident physician, a diagnostic interview, and completion of several screening questionnaires, which included the Beck Depression Inventory (Beck et al., 1961) , Symptom Checklist-90 (Derogatis, 1983) , State-Trait Anxiety Inventory (Spielberger et al., 1987) , Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991) , Short Michigan Alcoholism Screening Test (Selzer et al., 1975) , a drug and health history questionnaire, and the Mood Episodes and Alcohol Use Disorders modules from the Structured Diagnostic Interview for the DSM IV (First et al., 1995) . The standard cut-off thresholds of those questionnaires (i.e., >2 SD) and interviews (i.e., meeting criteria for disorder) were used to eliminate those persons with significant current or past alcohol, drug, or psychiatric symptomatology. Individuals were excluded from participation if they had current or past major medical conditions (e.g., diabetes, thyroid disorders, hypertension, neurological disorders, etc.), psychiatric disorders (i.e., any Axis I or major Axis II disorder), or use of medications that may affect HPA axis or opioidergic functioning. Additionally, subjects with abnormal blood chemical and hepatic indices or a positive urine toxicology obtained during the screening (cocaine, opiates, benzodiazepines, amphetamine, barbiturates, and PCP) were excluded from participation.
Women on hormonal birth control were also excluded because oral contraceptives increase diurnal serum cortisol levels and may dampen the increase in cortisol after stress (Kirschbaum et al., 1999; Wiegratz et al., 2003a,b) . Furthermore, oral contraceptives have been shown to produce enthinylestradiol-induced increases in corticosteroid binding globulin, which results in an increase total serum cortisol levels (Dhillo et al., 2002; Wiegratz et al., 2003a,b) . Women were included if they were currently cycling (i.e., any phase of menstrual cycle), post-menopausal, or post-hysterectomy.
Procedure
During the screening session, the participant signed an informed consent form prior to participation. The study was approved by The University of Chicago Institutional Review Board and in accordance with the Declaration of Helsinki.
Naltrexone vs. placebo sessions
Each subject participated in two experimental sessions spaced 8.7 AE 4.7 days apart (range 3-21 days with >70% completing within 10 days). In this double-blind within-subjects study, participants received either naltrexone or placebo in random order. The 50 mg dose of naltrexone was chosen because it is the FDA-approved dosage for opioid and alcohol dependencies and for consistency, as it is the dose most often used in laboratory (Sutherland et al., 1995; Hutchison et al., 1999; King and Meyer, 2000; Epstein and King, 2004) and clinical treatment studies with naltrexone for smoking (Covey et al., 1999; Wong et al., 1999; King et al., 2006; O'Malley et al., 2006) .
The evening prior to the experimental session (between 1700 and 1830 h), the participant arrived for an overnight stay in a private room at the University of Chicago Hospital Clinical Research Center (CRC). The participant was instructed to smoke their usual amount of cigarettes during the day prior to arrival to the CRC and to refrain from alcohol and other drugs for at least 48 h before arrival. Upon admission to the CRC, the participant submitted breath and urine samples to test for the presence of alcohol or drugs and female participants were tested for pregnancy. All results were negative. The participant submitted to baseline measures including vital signs and questionnaires, and consumed an evening meal provided by the dietetics staff (40% daily calories, based on body weight). Using a calendar method, female participants provided information regarding menstrual cycle, such as days since last menstruation and average length of cycle. During the evening, the participant was allowed to relax and read or watch television. Smoking was not allowed after 2000 h (the nurse took the participant's cigarettes to assure compliance with overnight abstinence), and lights were turned off by midnight.
The following morning, the participant was awoken by 0700 h and consumed a light breakfast (20% daily calories). Thirty minutes later, the research nurse inserted an intravenous (i.v.) catheter into a forearm or hand vein. After a 30 min adaptation period, the participant ingested the capsule (Time 0). The nurse took vital signs at regular intervals throughout testing. Blood samples were obtained at 0, 90, 120, and 180 min for ACTH and at 0, 90, 120, 150, 180, and 210 min for cortisol. The timing of blood collection was chosen based on the bioavailability of orally administered naltrexone and on when hormonal response to naltrexone first becomes reliably evident (King et al., 2002) . During intervals when measures were not obtained, the participant was able to relax, watch selected movies or television, or read magazines. At the end of each session, the i.v. catheter was removed and the participant was discharged. At the end of the second session, the participant was debriefed and compensated US$175.
Smoking vs. non-smoking sessions
As an exploratory study, 12 subjects (men n = 7) from the original experiment attended an additional double-blinded laboratory session at the GCRC. This session was randomized in order, i.e. subjects were equally divided in terms of those having this smoking session as their first, second or last session. In this session, subjects received 50 mg naltrexone using identical timing, procedure, and blood-sampling intervals as described in the main study. However, at 180 min, the technician instructed the participant to smoke a single cigarette of his/her preferred brand at the usual rate, and additional blood samples were obtained 5 min (for ACTH) and 30 min (for cortisol) after smoking the cigarette. In the final portion of the testing sessions, the participant was involved in a choice smoking paradigm, reported elsewhere (Epstein and King, 2004) .
Neuroendocrine assays
The samples were stored on ice and spun within 15 min of collection in a refrigerated centrifuge. The samples were then immediately separated into aliquots and stored at À70 8C. Hormonal assays were conducted at the Core Laboratory of the GCRC and the Department of Medicine, Endocrinology Laboratories. Cortisol was assayed by radioimmunoassay in duplicate using the Immulite 1 1000 immunoassay analyzer (lower sensitivity = .003). For cortisol, intra-assay precision at two different levels was 4.2-5.7%; inter-assay precision was 7.0-9.3%. ACTH was analyzed by the automated Nichols Advantage using a chemiluminescent assay technique (Nichols Institute, San Juan Capistrano, CA). For ACTH, intra-assay coefficients of variation were 6.4% for a mean of 12.7; inter-assay coefficients of variation were 7.2% for a mean of 13.7 and 4.2% for a mean of 86. Dependent measures were the average of the duplicated radioimmunoassay derived values at each time point, as well as by area under the curve.
Statistical analyses
Differences in demographic characteristics between male and female participants were analyzed using Student's ttests. Repeated measures analyses of variance (ANOVAs) were conducted on ACTH and cortisol with drug (naltrexone, placebo) and time as within-subjects factors and sex as a between-subjects factor. For analyses indicating sex differences, several variables were included as covariates, including age, smoking duration, weight and body mass index (BMI). Age and smoking duration were included to control for potential differences in our sample, while weight and BMI were included to control for differences in body size between men and women, as there is evidence that naltrexone has lipophilic properties (Brown and Goldberg, 1985; Ukai and Holtzman, 1987) . Post hoc Tukey's tests were used, where appropriate. For the post hoc analysis on estimated estrogen level, repeated measures ANOVAs were performed on ACTH and cortisol with drug (naltrexone, placebo) as a withinsubjects factor, estimated estrogen level (high, low) as a between-subjects factor, and age, smoking duration, weight, and BMI included as covariates. Finally, within the subgroup of subjects who had the additional smoking session after receiving naltrexone, exploratory ANOVAs were used to compare ACTH and cortisol levels with time and session as withinsubjects factors and sex as the between-subjects factor.
Results
Naltrexone vs. placebo sessions
Demographic and smoking characteristics for male and female participants are shown in Table 1 . The racial composition for the sample was 53% White, 29% Black, 5% Asian and 13% Other. Overall, participants smoked an average of 20.8 cigarettes daily (range 13-38) for 19.2 years (range 2-46 years) with an average FTND score of 5.4 (range 2-9). Although male participants were younger than female participants [t(36) = À2.3 p < 0.05], both sexes exhibited similar smoking characteristics (FTND, cigarettes smoked per day, years smoked, and baseline CO, cotinine, and nicotine levels) and similar basal levels of plasma cortisol and ACTH. Fig. 1a illustrates changes in plasma ACTH across time after naltrexone and placebo for male and female participants. Naltrexone significantly increased ACTH levels in women, but not in men [Drug Â Sex Â Time: F(3, 99) = 3.5 p < 0.05; Tukey's: within women, naltrexone > placebo at 90 m, p < 0.05]. Analysis of area under the curve confirmed women's greater ACTH response [Drug Â Sex: F(1, 35) = 3.9, p < 0.001; Tukey's: within women, naltrexone > placebo p < .01].
Changes in plasma cortisol for male and female participants after naltrexone and placebo are presented in Fig. 1b . Cortisol results were similar to ACTH: naltrexone significantly increased cortisol levels in women, but not in men [Drug Â Sex Â Time: F(4, 132) = 3.1, p < 0.05; Tukey's: within women, naltrexone> placebo at 90, 120, and 150 m, p < 0.01]. An area under the curve analysis for cortisol supported these findings, with women exhibiting heightened levels after naltrexone [Drug Â Sex: F(1, 35) = 6.0, p < 0.001; Tukey's: within women, naltrexone > placebo at 90 m, p < 0.001].
Post hoc examination of menstrual cycle phase effects
In order to determine the effects of menstrual cycle phase and, subsequently, of estrogen level on response to naltrexone (see Section 4 for details), women were divided into two groups: a 'low estrogen' group (n = 11) consisting of women in the early and late luteal or early follicular phase of the menstrual cycle or who were post-hysterectomy or post-menopausal and a 'high estrogen' group (n = 5) consisting of women in the mid to late follicular phase. As measured by area under the curve, women in the low estrogen group had a greater ACTH (Drug Â Estrogen level: F(1, 11) = 4.1, p = 0.068) and cortisol (Drug Â Estrogen level: F(1, 11) = 9.5, p < 0.05) response to naltrexone than women in the high estrogen group.
Smoking vs. non-smoking sessions
Finally, exploratory analyses were conducted within the naltrexone pretreatment conditions to evaluate the effects of smoking a single cigarette on ACTH and cortisol responses in Figure 1 Naltrexone significantly elevated plasma levels of (a) ACTH and (b) cortisol within women compared with men (ACTH and cortisol: Drug Â Sex Â Time p < 0.05; Tukey's post hoc: *p < 0.05, **p < 0.01). Hormone levels are reported as mean AE SEM. the subgroup of subjects (n = 12) who participated in the additional smoking session. As shown in Fig. 2 , after naltrexone pretreatment, smoking a cigarette significantly increased ACTH [Session Â Time: F(1, 11) = 6.23, p < 0.05, Tukey's: post-levels, cigarette vs. no cigarette, p < .05, Fig. 2a ] and cortisol levels [Session Â Time: F(1, 11) = 14.15, p < 0.01, Tukey's: cigarette, pre-vs. post-levels, p < 0.01; post-levels, cigarette vs. no cigarette, p < 0.01, Fig. 2b ]. However, the sexes did not differ after naltrexone pretreatment in ACTH or cortisol response to the cigarette (Cigarette Â Sex, ACTH: p = 0.35; Cortisol: p = 0.46).
Discussion
The present study examined the effects of the opioid antagonist naltrexone and cigarette smoking on the HPA axis in male and female smokers. The main study results indicated sex differences in HPA axis response to naltrexone: women exhibited heightened plasma ACTH and cortisol in response to naltrexone as compared to placebo, whereas stress-hormone levels among men did not differ across conditions. This finding is consistent with results of studies in nonsmokers with naltrexone (Klein et al., 2000) and naloxone (Uhart et al., 2006) , but in contrast to others that did not observe sex differences in ACTH and cortisol responses to acute naltrexone challenge in smokers (al'Absi et al., 2004b . While these discrepancies are difficult to discern, they may relate to the inclusion of women on oral contraceptives in some studies (al'Absi et al., 2004b) , to failure to control for fluctuations of estrogen levels within the follicular phase or across phases of the menstrual cycle (current study), or to individual differences in genotype, all of which may differentially affect stress-hormone responsivity in men and women to pharmacological manipulation. Additionally, the age and smoking duration of the current study sample (i.e., middle age with $20 years smoking duration) are higher than those reported in the studies by al'Absi and colleagues (i.e., young adults with less than 10 years smoking duration). Therefore, we cannot rule out the possibility that the observed sex differences in response to naltrexone may be due to biological changes in the HPA axis in response to the aging process or to prolonged nicotine exposure. There is evidence that HPA axis responsivity to a psychological stressor differs between elderly and young adults, some of whom were smokers, which suggests that HPA axis function may differ across the lifespan (Seeman et al., 2001; Kudielka et al., 2004) . However, it is unclear whether a similar disparity in HPA responsivity exists between young and middle-aged adults and if this may affect response to naltrexone. In addition, while the HPA axis is dysregulated in chronic smokers compared to nonsmokers, it is unknown whether different durations of smoking have an effect on HPA axis responsivity. Several mechanisms may be posited to explain the observed sex differences in HPA axis response to opioid antagonism in the present study. First, women may have greater m-and kopioid receptor sensitivity as compared to men (Gear et al., 1996a (Gear et al., ,b, 1999 (Gear et al., , 2003 Sarton et al., 2000; Zacny, 2001; Fillingim and Gear, 2004) . While the underlying neurobiological mechanism of increased k-opioid receptor sensitivity in women is still unclear, recent imaging studies suggest sex differences in m-receptor concentration, binding affinity, and distribution in various brain areas, including the hypothalamus (Smith et al., 1998 (Smith et al., , 2006 Zubieta et al., 2002) . Second, within women, there may be differential HPA axis responsivity associated with menstrual cycle-related changes in circulating sex hormone levels. Pre-clinical studies have demonstrated that estradiol injections increase levels of m-receptors and circulating b-endorphins (Hammer and Bridges, 1987; Hammer et al., 1993; Zhou and Hammer, 1995; Quinones-Jenab et al., 1997) . During periods of high estrogen concentration, i.e., late follicular and the mid-luteal phases, m-opioid activity in women may be similar to men (Smith et al., 2006) , but during periods of low estrogen levels, women exhibit lower activity in comparison to men (Zubieta et al., 2002; LeResche et al., 2003; Smith et al., 2006) . Therefore, estrogen-mediated changes in endogenous opioid activity may impact hormonal responses to an acute dose of naltrexone by mediating HPA axis disinhibition. Heightened basal m-opioid levels associated with a high estrogen menstrual phase may result in greater bendorphin mediated inhibition of the hypothalamus. This increase in m-opioid activity would result in direct competition for binding sites between endogenous m-opioids, like b-endorphin, and naltrexone, ultimately decreasing hormonal response to drug administration. In contrast, lower endogenous m-opioid activity, as seen during low estrogen menstrual phase or after menopause, may allow a low dose of naltrexone to readily disinhibit the HPA axis. In the current study, a post hoc examination of estimated menstrual cycle phase suggested some support for this notion: women deemed at a low estrogen phase (i.e., early/late luteal and early follicular, post-hysterectomy or post-menopausal) were more sensitive to the effects of naltrexone on ACTH and cortisol responsivity than women estimated at a high estrogen phase (i.e., mid/late follicular; mid-luteal). While this post hoc comparison is intriguing, these data were derived from self-report of last menstruation and medical history. Thus, future a priori investigations with verifications of sex hormone levels are needed before concluding that estrogen mediates HPA axis sensitivity to naltrexone amongst women.
Finally, there may be several genetic polymorphisms associated with sexually dimorphic responses to opioids and HPA axis function. For example, certain variants of melanocortin-and glucocorticoid-receptor genes have been associated with increased hormonal response to stress (Kumsta et al., 2007) and with greater k-opioid mediated analgesia (Mogil et al., 2003) , respectively, in women as compared to men. Furthermore, in women but not men, polymorphisms in m-opioid receptor (OPRM1) genes have been shown to be related to increased basal cortisol levels and the reinforcing value of nicotine (Bart et al., 2006; Ray et al., 2006) . Further research focusing on potential differential allele expression in melanocortin-, glucocorticoid-, and opioid-receptor genes in men and women smokers may help elucidate sex differences in sensitivity to opioid antagonism.
In addition, our main findings may also have clinically relevant implications for naltrexone as a potential treatment for smoking cessation. It has been posited that HPA axis dysfunction may play an important role in tobacco cessation by impeding smokers' physiological and psychological capacity to deal with the stress associated with the quitting process (al 'Absi, 2006) . Several recent studies showed that smokers exhibited blunted ACTH and cortisol responses yet prolonged subjective distress after acute stress (Perkins et al., 1992; Kirschbaum et al., 1993 Kirschbaum et al., , 1994 Tsuda et al., 1996; al'Absi et al., 2003 al'Absi et al., , 2008 Childs and de Wit, 2009 ). Furthermore, during early abstinence, degree of attenuated hormonal response has been shown to be predictive of relapse (al'Absi et al., 2004a (al'Absi et al., , 2005 Shaw and al'Absi, 2008) . Extracting from the present study's findings, it is possible that naltrexone may facilitate HPA axis activation in response to stress and effectively ''normalize'' the stressresponse system. Given that attenuated diurnal cortisol in early abstinent smokers may predict relapse (al'Absi et al., 2004a) , we speculate that naltrexone may be efficacious for smoking cessation (David et al., 2006; King et al., 2009) through its alleviation of tonic opioid inhibition of the HPA axis, thereby increasing diurnal cortisol levels and/or hormonal stress-responsivity in smokers.
Finally, in the exploratory study, cigarette smoking potentiated HPA axis hormone levels after naltrexone pretreatment in both men and women. This result confirmed our hypothesis that cigarette smoking and naltrexone would have an additive effect on ACTH and cortisol release. However, our hypothesis that women would show a heightened hormonal response to naltrexone pretreatment and smoking was not supported. These results, taken together, support pre-clinical data demonstrating that nicotine and opioid antagonists disinhibit the HPA axis through independent but potentially overlapping pathways resulting in net activation of the hypothalamus (Hill and Wynder, 1974; Johnson et al., 1992; Matta et al., 1998; Fu et al., 2001; Valentino and Van Bockstaele, 2001 ). To our knowledge, this study was the first to examine the acute interactive effects of naltrexone and smoking on the HPA axis. While it is possible that these effects may be similar in men and women, given the small sample for this exploratory aim, it is also possible that there was not sufficient statistical power to fully examine sex comparisons and future studies with larger sample sizes is warranted. In terms of potential clinical translation of these findings, we may speculate that cigarette smoking potentiation of naltrexone-induced increases in ACTH and cortisol may play a role in clinical response. Prior studies have shown that naltrexone alters subjective response to cigarette smoking, including increased dizziness and head rush, and reduced smoking desire (King and Meyer, 2000; Epstein and King, 2004) . These data, along with the current study's results showing naltrexone's additive HPA axis responsivity to a cigarette may suggest that the optimal time course for initiation of naltrexone pharmacotherapy in smoking cessation treatment might be prior to the quit date. This timecourse may allow the patient to experience the interactive effects of the opioid antagonist with acute smoking, which may help extinguish reinforcing effects. However, caution should be taken to avoid over-interpretation of these preclinical data to clinical practice, as smokers in the current study were neither receiving nor desiring smoking cessation treatment.
Though the present study has several strengths, such as a highly controlled, stress-minimized environment and measures that were precisely timed to gather peak stress-hormone responses in relation to naltrexone biotransformation (King et al., 2002) , a few caveats are worthy of mention. First, the sample size was relatively small and the age range was limited to young and middle-aged adult smokers. Inclusion of a greater number of subjects in the smoking vs. nonsmoking section of the study would allow a more comprehensive examination of sex differences in the ACTH and cortisol naltrexone-potentiated response to a single cigarette. Second, we did not collect adjunctive biological measures that may have permitted examination of potential mechanisms that underlie sex differences in HPA response to naltrexone. Future studies that measure levels of sex hormones and DNA would permit analysis of the effect of estrogen level and genotype on naltrexone response. Third, while this study demonstrates acute effects of naltrexone in the laboratory, these results may not translate to chronic dosing or clinical settings. Although Kosten et al. found evidence for continued HPA axis elevations during intermediate-term naltrexone treatment (Kosten et al., 1986a,b,c) , long-term changes in HPA reactivity during naltrexone treatment have not been studied. Finally, while administration of one cigarette of the participant's preferred brand may be ecologically valid in terms of the naturalism of real-life smoking there may be confounds in terms of variability in nicotine exposure, other components in cigarettes, and nonspecific effects of visual, tactile, and olfactory smoking cues on response variables.
In summary, the present study demonstrated that an acute 50 mg dose of naltrexone increases levels of ACTH and cortisol in female but not male smokers. These results may elucidate the potential sex differences underlying response to naltrexone in smoking cessation (Covey et al., 1999; King et al., 2006) . Additionally, smoking a single cigarette potentiated naltrexone-increased ACTH and cortisol release for both men and women smokers. This finding provides further evidence for the interaction of the HPA axis and the endogenous opioid system in both acute smoking and nicotine dependence. Continued research on individual differences underlying opioid antagonist disinhibition of the HPA axis and on nicotine-opioid interactions may aid in our understanding of the neurobiological pathways underlying nicotine dependence and the potential refinement or development of efficacious medications for both sexes.
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